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The accumulation of structural damage in AlxGa12xN films ~with x50.05– 0.60! under heavy-ion
bombardment at room temperature is studied by a combination of Rutherford backscattering/
channeling spectrometry and cross-sectional transmission electron microscopy ~XTEM!. Results
show that an increase in Al concentration strongly enhances dynamic annealing processes in AlGaN
and suppresses ion-beam-induced amorphization. All AlGaN wafers studied show damage
saturation in the bulk for high ion doses. Interestingly, the disorder level in the saturation regime is
essentially independent of Al content. In contrast to the case of GaN, no preferential surface
disordering is observed in AlGaN during heavy-ion bombardment. XTEM reveals similar
implantation-produced defect structures in both GaN and AlGaN. © 2002 American Institute of
Physics. @DOI: 10.1063/1.1445478#
Current technological importance of III-nitride semicon-
ductors ~in particular, GaN, AlGaN, and InGaN! cannot be
overestimated. Indeed, as has been well documented in the
literature,1 these materials have potential advantage over
other semiconductors for the fabrication of a range of opto-
electronic devices ~such as blue and green light-emitting di-
odes, laser diodes, and UV detectors! as well as devices for
high-temperature/high-power electronics. In the fabrication
of these devices, a number of challenging ~and certainly
physically interesting! technological problems remain to be
solved. For example, undesirable effects of ion-beam-
produced lattice damage currently hinder a successful appli-
cation of ion implantation for selective-area doping of III-
nitride-based devices. Ion-beam-produced damage is
particularly pronounced in the case of high-dose implanta-
tion needed for ohmic contact applications and for p-type
doping. Understanding defect processes in III-nitrides under
ion bombardment is highly desirable if potential applications
of ion implantation are to be fully exploited.
Significant progress in the understanding of lattice dis-
order in GaN under ion bombardment has been made for the
past several years.2 In addition to GaN, other III-nitride
semiconductors ~in particular, AlGaN and InGaN! are of
great technological importance. Indeed, these materials are
used as both cladding and active layers in ~opto!electronic
devices.1 Semiconductor processing dictates that the material
is intentionally and/or unintentionally exposed to a variety of
energetic particles. Hence, it is imperative to investigate the
effects of ion bombardment in III-nitride materials and struc-
tures.
Studies of the electrical characteristics of AlGaN and
InGaN epilayers have previously been reported.3–5 Recently,
structural damage has also been studied in InGaN bom-
barded with heavy ions.6 It has been shown that an increase
in In content strongly suppresses dynamic annealing pro-
cesses and, hence, enhances the accumulation of stable lat-
tice defects in InGaN under ion bombardment.6 In this letter,
we report on the influence of Al content ~x! on the buildup of
implantation-produced lattice damage in AlxGa12xN epilay-
ers ~with x<0.60! studied by a combination of Rutherford
backscattering/channeling ~RBS/C! spectrometry and cross-
sectional transmission electron microscopy ~XTEM!. We will
focus in this letter on the main features of the damage
buildup behavior in AlGaN in comparison with those in
GaN.
About 0.5-mm-thick AlxGa12xN films ~x50.00, 0.05,
0.08, 0.10, 0.19, 0.40, and 0.60, with Dx50.02, as assessed
by Rutherford backscattering and x-ray diffraction! on thea!Electronic mail: sergei.kucheyev@anu.edu.au
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top of wurtzite undoped GaN epilayers were grown on
c-plane sapphire substrates by metalorganic chemical vapor
deposition in two different EMCORE reactors at Ledex
Corp. and at EMCORE Corp. Samples were implanted with
300 keV 197Au1 ions at 20 °C with a beam flux of ;3.1
31012 cm22 s21 over the dose range from 831013 to 5
31016 cm22 using an ANU 1.7 MV tandem accelerator
~NEC, 5SDH-4!. During implantation, samples were tilted
by ;7° relative to the incident ion beam to minimize chan-
neling.
After implantation, all samples were characterized ex
situ at room temperature by RBS/C using an ANU 1.7 MV
tandem accelerator ~NEC, 5SDH! with 1.8 MeV 4He1 ions
incident along the @0001# direction and backscattered into
detectors at 98°, 115°, and ;168° relative to the incident
beam direction. The 8° glancing-angle detector geometry
was used to provide enhanced depth resolution for examin-
ing near-surface damage accumulation. Scattering geom-
etries with larger glancing angles were used to separate Au
and Ga peaks in RBS/C spectra in samples implanted up to
high Au doses (>531015 cm22). All RBS/C spectra were
analyzed using one of the conventional algorithms7 for ex-
tracting depth profiles of the effective number of scattering
centers. For brevity, the number of scattering centers, nor-
malized to the atomic concentration, will be referred to be-
low as ‘‘relative disorder.’’ Selected samples were also stud-
ied by XTEM in a Philips CM12 transmission electron
microscope operating at 120 keV. XTEM specimens were
prepared by 3 keV Ar1 ion-beam thinning using a Gatan
precision ion-polishing system.
Figure 1 shows selected RBS/C spectra which illustrate
the damage buildup in Al0.08Ga0.92N films bombarded at
20 °C with 300 keV Au ions. It is seen from Fig. 1 that, with
increasing ion dose up to ;131015 cm22, implantation-
produced disorder in Al0.08Ga0.92N accumulates mainly in the
bulk region, where the nuclear energy loss profile of 300 keV
Au ions has the maximum. Interestingly, no preferential sur-
face disordering is observed in Fig. 1. For doses from ;1
31015 to ;331015 cm22, bulk disorder ~as monitored by
RBS/C! in Al0.08Ga0.92N exhibits saturation, while the dam-
age level in the near-surface region ~between the sample sur-
face and the bulk defect peak! grows up to the saturation
level. Finally, with increasing ion dose above ;3
31015 cm22, lattice disorder in the Al0.08Ga0.92N bulk rap-
idly increases to the random level, suggesting amorphization
of the lattice.
It should be emphasized that the main features of the
damage buildup behavior illustrated in Fig. 1 and discussed
above for Al0.08Ga0.92N are common for all AlxGa12xN wa-
fers studied ~with x50.05– 0.60!. These features are ~i! dam-
age saturation in the bulk, ~ii! the absence of preferential
surface disordering, and ~iii! apparent rapid amorphization in
the bulk from a saturation damage level above a critical dose.
The absence of preferential surface disordering revealed
in AlGaN is somewhat surprising. Indeed, previous studies
have shown that the GaN surface ~or the amorphous/
crystalline interface! acts as a strong preferential site for
amorphization.8 As a result, during heavy-ion bombardment
of GaN at room temperature, amorphization proceeds layer
by layer only from the GaN surface. In contrast, results of
this study show that amorphization of AlxGa12xN ~with x
50.05– 0.60! during heavy-ion bombardment at room tem-
perature occurs spontaneously in the bulk, rather than pro-
ceeding layer by layer from the surface as in the case of
GaN. Indeed, XTEM reveals the formation of buried amor-
phous layers ~rather than surface amorphous layers! in Al-
GaN above a critical dose, which increases with increasing
Al content.9 This gives a compelling argument that the Al-
GaN surface is not a preferential nucleation site for amor-
phization.
To illustrate the influence of Al content on dynamic an-
nealing processes in AlxGa12xN, Fig. 2 summarizes RBS/C
data for all samples studied, showing the dose dependence of
maximum relative disorder ~extracted from RBS/C spectra!
at depths corresponding to the bulk defect peak region for
AlxGa12xN samples bombarded with 300 keV Au ions at
20 °C. It is clearly seen from Fig. 2 that an increase in Al
concentration dramatically enhances dynamic annealing pro-
cesses and, hence, reduces implantation-produced disorder.
For example, Fig. 2 shows that, for a dose of 6
31014 cm22, the level of relative disorder in the bulk in
AlxGa12xN samples dramatically decreases from ;51%
~corresponding to the saturation level! to ;4% with increas-
ing x from 0.0 to 0.6. This behavior is consistent with a
previous report comparing the degree of dynamic annealing
FIG. 1. RBS/C spectra showing the damage buildup for 300 keV Au ion
bombardment of Al0.08Ga0.92N at 20 °C with a beam flux of ;3.1
31012 cm22 s21. Implantation doses ~in cm22! are indicated in the figure.
Note that the random spectrum is given for an ion dose of 531015cm22.
FIG. 2. The dose dependence of maximum relative disorder ~extracted from
RBS/C spectra! in the bulk defect peak region for AlxGa12xN samples bom-
barded with 300 keV Au ions at 20 °C with a beam flux of ;3.1
31012 cm22 s21. Aluminum content ~x! in different samples is given in the
legend.
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in different semiconductors, including GaN, AlN, and InN.10
Figure 2 also shows that all AlGaN wafers studied ex-
hibit damage saturation in the crystal bulk for high ion doses.
Interestingly, the disorder level in the saturation regime is
essentially independent of Al content ~within experimental
error!. This result may suggest that similar defect structures
are present in AlxGa12xN crystals ~with x50.0– 0.6! in the
saturation regime when processes of local defect generation
and dynamic annealing are balanced.
In selected samples, the microstructure of preamorphous
lattice disorder in AlGaN has been studied by XTEM. Fig-
ures 3~a! and 3~b! show dark-field XTEM images of
Al0.08Ga0.92N implanted at 20 °C with 300 keV Au ions to a
dose of 431015 cm22. In addition, Figs. 3~c! and 3~d! show
dark-field XTEM images of lattice defects produced in an
Al0.19Ga0.81N film bombarded at 20 °C with 300 keV Au ions
to a dose of 931015 cm22. As is clearly seen from Figs. 1
and 2, for such doses of 431015 cm22 ~for Al0.08Ga0.92N!
and 931015 cm22 ~for Al0.19Ga0.81N!, the damage level in
the AlGaN bulk is slightly above the saturation level. XTEM
images from Fig. 3 reveal that defect structures in ion-
implanted AlGaN are similar to those previously reported for
GaN bombarded with heavy ions.8 Indeed, some coarse de-
fect clusters @see Figs. 3~a! and 3~c!# and a band of extended
~planar! defects @see Figs. 3~b! and 3~d!# are observed in
ion-implanted AlGaN similar to GaN.8
An analysis of Fig. 3 also reveals that, in the near-
surface region ~around ;400 Å from the AlGaN surface!
where the RBS/C yield increases above the saturation level,
implantation-produced defect structures appear to be denser
and less regular. This is due to imperfect dynamic annealing
when, despite extremely effective defect annihilation pro-
cesses in AlGaN, some defects survive annihilation and build
up in the lattice. For high ion doses, the free energy of the
ion-beam-damaged lattice can exceed the free energy of the
amorphous phase,10 which makes the process of amorphiza-
tion energetically favorable. A further increase in ion dose
results in a rapid ~nucleation-limited! amorphization of the
lattice, as clearly illustrated in Fig. 2.
In conclusion, the influence of Al content on the buildup
of structural damage in AlxGa12xN films ~with x
50.05– 0.60! under keV heavy-ion bombardment at room
temperature has been studied by a combination of RBS/C
and XTEM. Results show that an increase in Al concentra-
tion strongly enhances dynamic annealing processes and,
hence, suppresses the production of stable lattice disorder in
AlGaN under ion bombardment. All AlGaN wafers studied
have shown damage saturation in the bulk for high ion doses,
with the disorder level in the saturation regime being essen-
tially independent of Al content ~within experimental error!.
The amorphization behavior of AlGaN is somewhat different
from that in GaN. In particular, all AlxGa12xN wafers stud-
ied have exhibited no preferential surface disordering.
Rather, a rapid transition from the saturation regime to
nucleation-limited amorphization in the crystal bulk has been
observed in AlGaN above a critical dose. Finally, XTEM has
revealed similar defect structures in ion-implanted AlGaN as
compared to those in GaN and InGaN.
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FIG. 3. Dark-field XTEM images @~a!, ~c! g50002* and ~b!, ~d! g
511¯00*# of Al0.08Ga0.92N @~a!, ~b!# and Al0.19Ga0.81N @~c!, ~d!# epilayers
bombarded at 20 °C with 300 keV Au ions with a beam flux of ;3.1
31012 cm22 s21 to doses of 431015 @~a!, ~b!# and 931015 cm22 @~c!, ~d!#.
All images are of the same magnification.
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